SUMMARY. Iris (Iris sp.) is a popular and widely planted herbaceous perennial. However, most iris species go dormant without any aesthetic quality for 5-6 months in the transition zone between the temperate and subtropical climates. To investigate the effects of species/cultivars, leaf shape, and air temperature conditions on the ability to stay green, 12 popular species and cultivars in the transition zone were evaluated. Iris tested included the following species: roof iris (I. tectorum), japanese iris (I. japonica), long leafed flag (I. halophila), yellow flag (I. pseudacorus), blood iris (I. sanguinea), japanese water iris (I. ensata), and smallflower iris (I. speculatrix) and the following cultivars: 'Chinensis' milky iris (I. lactea var. chinensis), 'Bryce Leigh' louisiana iris (I. hexagonae), 'Black Swan' german iris (I. germanica), 'Careless Sally' siberian iris (I. sibirica), and 'Loyalty' japanese water iris (I. ensata). We conducted a 2-year field study on mature iris populations and evaluated the percentage of green leaves during winter retention and spring recovery using a digital image analysis (DIA). Green period during this study was calculated using predicted sigmoid curves based on the percentage of green leaves. The present study revealed that iris species/cultivars and air temperatures had considerable influence on the duration of the green period. Both evergreen and deciduous iris phenotypes exist with three different leaf shapes, among which the average green period of fan-shaped leaf iris species and cultivars was the longest. Because there was no significant (P = 0.205) relationship between green period during this period and leaf lethal temperature (LT 50 ), new cultivars with long green periods may be achieved without a simultaneous loss of cold tolerance in iris.
I
ris, a genus of 300 species, is one of the most popular ornamental perennials in the Northern Hemisphere (Austin and Waddick, 2005) . However, a distinct drawback of this genus is that most species will be deciduous without any aesthetic quality as much as 5-6 months. Species/ cultivars with long green period (the period when at least 50% of the leaves are green) are preferred for landscape application. Obvious differences in the green period of iris were found, and of special interest is that several species and cultivars are evergreen in the Yangtze Delta, China. The delta is located in the transition zone between subtropical and temperate climates (Zhang et al., 2005) , with asynchrony in growth among species and higher species diversity (Loreau and Hector, 2001) . Irises from different origins have adapted to the climate in this region, such as the local species roof iris, japanese iris, and small-flower iris (China Flora, 1985) , long-leafed flag and 'Chinensis' milky iris, which are native to northeast or northwest China, and most horticulturally important species and cultivars (Han, 2008; Li et al., 2016; Tang et al., 2005) . In this regard, the existence of these irises in this region provides possibility for green period research from related herbaceous species and cultivars that differ obviously in foliar habits.
Green period characteristics during winter green-down and spring green-up deserve more attention for most herbaceous ornamental perennials because they contribute to the plants' ornamental value. Evergreen plants, which can retain their functional leaves throughout the year, are uncommon among herbaceous perennials compared with deciduous ones which are leafless for some part of their annual cycle (Kikuzawa and Lechowicz, 2011) . Because both evergreen and deciduous iris phenotypes exist, better knowledge of the foliar color dynamics in winter and spring would be helpful to link with the factors that influence color retention and extended green period. Color changes during this period in the transition zones have been studied extensively in warm-season grasses. Pompeiano et al. (2014) found that zoysiagrass (Zoysia sp.) species/ cultivars provided significantly longer dormancy period than fine-leaved species/cultivars. Also, color retention could be extended by increasing the photoperiod in months with short daylengths (Esmaili and Salehi, 2012) and application of nitrogen and trinexapac-ethyl in bermudagrass [Cynodon dactylon (Richardson, 2002) ].
Longer color retention has been associated with poorer cold tolerance in a number of plants (Okeyo et al., 2011; Qian et al., 2001; Schwab et al., 1996) , which makes it hard to selectively breed for cultivars with an extended green period and strong foliar cold tolerance. Previously, we preliminarily evaluated foliar cold tolerance and green period in six cultivars of german iris, among which 'Bedtime Story' stayed green the longest (330 d/year), whereas 'Caligula' was the shortest at 269 d and had much poorer cold tolerance than that of 'Bedtime Story' in Hangzhou, China (Wang et al., 2014) . However, the relationship between green period and foliar cold tolerance is still not clear in iris. More iris species and cultivars need to be studied to have a better understanding of the relationship between these two traits.
This study quantified the winter color retention (discoloration) and spring recovery response of 12 iris species/cultivars in a field environment in the Yangtze Delta, China. Moreover, the relationship between green period, calculated using predicted sigmoid curves, and foliar cold tolerance, measured using LT 50 , was studied to provide a theoretical basis for molecular marker-assisted breeding of new cultivars that combine the characteristics of a long green period and improved foliar cold tolerance. in a silt loam soil were 1.5 · 1.5 m with three replications and arranged in a complete randomized block design. Conventional management and fertilization procedures for irises in East China were adopted as Hu and Xiao (2012) recommended. An on-site intelligent temperature and humidity recorder (ZDR-F20; Zeda Instruments, Hangzhou, China) monitored daily air temperature (Fig. 1) .
Units

Materials and methods
PLANT MATERIALS AND ESTABLISH-
In Table 1 , relative chlorophyll content of functional leaves (the third and fourth actively growing leaves from central part on both sides of a plant) was determined by a chlorophyll meter (SPAD-502 PLUS; Konica Minolta Sensing, Osaka, Japan) to compare the leaf color differences among 12 irises. Green period, namely the number of days per year when the percentage of green leaves in a population exceeding 50% (Guo et al., 2006) , was obtained by visual rating during 2012-14. Leaf width was measured at the maximum width of functional leaves. Leaf shape of iris species/cultivar was classified based on their foliar shape and characteristics. Fan-shaped iris leaves are usually hypertrophied and arrayed into a fan shape. Sword-shaped leaf irises have erect and relatively hard leaves, whereas bar shaped-leaf ones have thin and soft blades.
DIGITAL IMAGE ANALYSIS OF THE PERCENTAGE OF GREEN LEAVES AND THE CALCULATION OF GREEN PERIOD.
Iris winter color retention and spring recovery were evaluated on 10-d intervals, using DIA techniques to quantify the percentage of green leaves for each plot (with 100% being full retention and 0% being completely withered). Digital images were taken with a digital camera (EOS 60D; Canon, Tokyo, Japan) and analyzed individually by MATLAB (version R2016a maci64; MathWorks, Natick, MA). Because the leaves of several iris species/ cultivars are long and perpendicular to the ground, the top-down image used in turfgrass (Richardson et al., 2001) was not applicable for determining the percentage of green leaves in iris. A tripod 1.2 m in height was used to fix the camera, and the lens was mounted down at a 45°angle from a horizontal axis. This allowed the camera to be positioned in such a way that the images taken would be similar to a person observing plants in the plot. A script file was developed in the MATLAB programming language using color values in the hue, saturation, and brightness (HSB) system. To selectively identify iris green leaves, a hue ranging from 60°to 200°, a saturation ranging from 10% to 100%, and a brightness ranging from 10% to 100% were adopted after preliminary work on the pictures, and the number of selected green pixels (selectPixCntgreen) was obtained ( Fig. 2) . Similarly, the number of selected brown pixels for withered leaves was recorded as selectPixCnt-brown, which Table 1 . Introduction, classification, rhizome size, and foliar characteristics of the 12 iris species/cultivars used to analysis green period characteristics and foliar cold tolerance. Average maximum width of rhizome was measured by an electronic digital caliper (Syntek, Hangzhou, China); 1 mm = 0.0394 inch.
x Relative chlorophyll content of functional leaves was determined by a chlorophyll meter (SPAD-502 PLUS; Konica Minolta Sensing, Osaka, Japan).
w Number of days when the percentage of green leaves was more than 50% per year was determined by visual ratings during 2012-14.
v Leaf width was measured at the maximum width of functional leaves; 1 cm = 0.3937 inch. u B = bar shaped leaf; F = fan shaped leaf; S = sword shaped leaf.
was achieved using a hue range from 0°to 60°, a saturation range from 30% to 100%, and a brightness range from 45% to 100%. Thus, green leaves (percent) = selectPixCnt-green/ (selectPixCnt-green + selectPixCntbrown). In both years, different iris species and cultivars were evaluated for 120 d for green-down (from 9 Oct.) and for 70 d for green-up (from 7 Feb.) when the average minimum air temperature was below 15°C. Growing degree days (GDD) were calculated during the entire greendown and green-up period according to the experimental time using the following formula: GDD = [(maximum temperature + minimum temperature)/2] -5°C (Patton et al., 2004) . A nonlinear regression analysis of the percentage of green leaves data vs. the number of days elapsed during green-down or green-up was performed using the following sigmoid variable slope model:
where X is number of days after a discretionary time zero (DGD and DGU, respectively, for green-down and green-up), and D 50 and slope are estimated model parameters. D 50 is the number of days in which each species/cultivar was determined to be halfway between its maximum and minimum green leaf ratio in this study, and slope defines the steepness of the predicted curve. A sum of squares reduction F-test was used to determine whether iris species or cultivar significantly affected the percentage of green leaves during green-down and greenup. Green period in this study is the period when more than 50% of the total leaves are green during the experiment time and was determined when Eq.
[1] calculated the percentage of green leaves as ‡50%. All computations were performed with SPSS (version 22.0; IBM Corp, Armonk, NY), and GraphPad Prism (version 6.0; GraphPad Software, La Jolla, CA) was used for predicted curves (Motulsky and Christopoulos, 2004) and figures. DETERMINATION OF LEAF LT 50 . Uniform functional leaves were randomly chosen from three plots of each species/cultivar between 10 and 20 Sept. 2014 and 2015 when iris species/cultivars grew vigorously (average maximum air temperature was 25°C). All experimental leaves were wrapped separately in sampling bags and taken to the laboratory immediately. After 12 h artificial cold accumulation in a refrigerator at 4°C, leaves were washed thoroughly with running tap water, rinsed three times with ultrapure water (Chengdu Youpu Biotechnology, Chengdu, China) (Zhang et al., 2013b) , and blotted dry on filter paper. Next, leaves of each iris were put in separate sealed plastic bottles for different lowtemperature treatments. A cooling device (HX-3030; Hannuo Instruments, Shanghai, China) was used to drop the temperature at a rate of 0.4°C/min. All experimental materials were placed into the device when the internal temperature had dropped from room temperature to 4°C. After 1.5 h, one sample of each species/ cultivar was removed. The same protocol was applied every 1.5 h at the following temperatures: 4, 0, -4, -8, and -12°C. The leaves of each iris that had been removed from the device were placed in a refrigerator at 4°C and thawed for 6 h.
The experimental leaves were cut into 3-mm-wide sections at equivalent fresh weight of 0.30 g to determine relative EC (REC). In addition, the electrolyte leakage was measured by a digital conductivity meter (DDS-12A; Ohaus Instruments, Shanghai, China) using the methods of Li (2000) with a small modification. Briefly, every sample of leaves was incubated in 30 mL ultrapure water at room temperature (25 ± 1°C) for 15 h and obtained conductivity of treated leaves, then incubated in a boiled water bath for 20 min and obtained conductivity of boiled leaves. Relative value was calculated as follows: REC (percent) = (conductivity of treated leaves/conductivity of boiled leaves) · 100. Next, the leaf LT 50 of each iris was determined with a nonlinear curve fit of the REC data using the Logistic equations in Origin Pro (version 9.1; OriginLab Corp., Northampton, MA). Determinations were repeated three times for each iris. One-way analysis of variance and Duncan's multiple range test were used to compare significant (P £ 0.5) differences among the different species and cultivars using SPSS.
Results
GREEN-DOWN.
Climate conditions in the Yangtze Delta during 2014 green-down were more favorable for iris color retention, even though slight differences were observed for daily maximum and minimum air temperature during the 2-year field study. The average minimum daily air temperatures were 6.98 and 7.45°C, and the maximum daily air temperatures were 15.15 and 13.05°C during the 2014 and 2015 green-down, respectively (Fig. 1A) . Considering the cumulative GDD during green-down, the first year reached 728 GDD, 70.5 GDD more than 2015. During the first year of the study, the daily maximum air temperatures were below 10°C 27 times, and the daily minimum air temperatures were below 0°C nine times, whereas they were below 10°C 42 times and 0°C 12 times in 2015.
Iris species (P < 0.001) and cultivars (P < 0.001) significantly affected color retention in both years based on the result of F-test (data not shown). The sigmoid models provided a representative fit of the data to describe the dynamics of the predicted green-down curves (Fig. 3) and had average R 2 values of 0.9749 and 0.9790, respectively, in 2014 and 2015 (Table 2 ). The green period of each iris was calculated by predicted green-down curves. The results showed that there were significant differences among species and cultivars of the same leaf shape, except for 'Careless Sally' siberian iris and 'Chinensis' milky iris for both years. The average green periods of the different leaf shapes of irises were longer in the first year than in the second year during green-down, with fan-shaped leaves having the longest green period (101.5 and 98.4 d in 2014 and 2015, respectively) whereas bar-shaped leaves having the shortest ones (59.0 and 50.7 d in 2014 and 2015, respectively). Japanese iris, small-flower iris and 'Bryce Leigh' louisiana iris with different leaf shapes could be classified as evergreen iris type because their percentages of green leaves were always more than 50% during the study from fall to the next spring, whereas the other nine iris species/cultivars lost functional leaves. The average D 50 s for evergreen and deciduous species/ cultivars were 62.3 and 94.4 in 2014, respectively. They were significantly longer than those for evergreen and deciduous species/cultivars in 2015 at 54.8 and 83.5, respectively. By contrast, the average slopes of the sigmoid curves for evergreen and deciduous iris species/cultivars showed the opposite change trend with the D 50 data.
GREEN-UP. Overall, environmental conditions during the 2016 growing season were more favorable for spring green-up (Fig. 1B) . The cumulative GDD indicated that 2016 reached 548.5 GDD, 131 GDD higher than 2015 at the end of green-up. Moreover, the daily maximum air temperatures were below 10°C five times, and the daily minimum air temperatures were below 0°C one time during green-up in 2016, whereas they were below 10°C 14 times and below 0°C two times in 2015. The cumulative GDD declined significantly between 30 and 40 DGU compared with the initial stage in the first year of the study and were 82.5 and 27 GDD lower than the Fig. 2 . Digital image analysis of (A) roof iris, (B) 'Bryce Leigh' louisiana iris and (C) 'Loyalty' japanese water iris plots on the first day of green period study. Each row from left to right is the original picture, the picture with selected brown pixels (withered leaves) in red and the picture with selected green pixels (green leaves) in red. Color masking based on defined hue, saturation and brightness (HSB) thresholds in MATLAB (version R2016a maci64; MathWorks, Natick, MA).
same stage in 2016, respectively. This might have had considerable influence on spring color recovery of irises.
As with winter color retention, iris species (P < 0.001) and cultivars (P < 0.001) also significantly affected spring color recovery in both years. The green periods of all evergreen iris types were 70 d, whereas the average number of days for the deciduous types to reach 50% green leaves was 17.0 in the first year and 23.8 in the second year ( Fig. 4; Table 2 ). The average D 50 s of evergreen and deciduous iris phenotypes were 43.0 and 28.1 d in 2016, respectively, which were clearly shorter than that in 2015 at 51.4 and 40.1 d, respectively. By contrast, the average slope of the predicted curves for evergreen iris phenotypes in 2015 was significantly higher than that in 2016, indicating that their percentage of green leaves increased rapidly for a while during the 2015 green-up. The difference of the average slope for deciduous species/cultivars between 2015 (0.0479) and 2016 (0.0492) was minimal. The average green periods of the different leaf shapes of irises during the 2015 green-up were shorter than those during the 2016 green-up. Within the three leaf shapes of irises, the average green periods of the barshaped leaf irises were the shortest at 19.7 and 21.8 d in 2015 and 2016, respectively. The biggest difference (14.6 d) of the average green periods in both years was observed in the sword-shaped leaf irises. Among the same leaf shape, the difference of the average green periods between japanese water iris (0 d) and smallflower iris (70 d) was the largest during green-up in both years.
RELATIONSHIP BETWEEN GREEN PERIOD AND FOLIAR COLD TOLERANCE.
In this study, leaf LT 50 , the most intuitive index of foliar cold tolerance, was found to be species specific in iris (Table 3 ). The leaf LT 50 s of deciduous iris type ranged from 0.6 to -3.4°C, and their mean value was -1.6°C, whereas evergreen type exhibited a lower leaf LT 50 , and their mean value was -4.3°C. The results of the present study indicated that evergreen phenotypes showed a lower leaf LT 50 than that of deciduous phenotypes in the same leaf shape. No matter whether iris types were evergreen or deciduous, fan-shaped leaves showed poorest cold tolerance. Significant differences among barshaped leaf irises were observed; for example, the leaf LT 50 of japanese water iris was -1.0°C, whereas that of its relevant cultivar Loyalty japanese water iris was -3.4°C. Small-flower iris with bar-shaped leaves had the lowest leaf LT 50 among all the species and cultivars in this study. Considering green period during this study, significant differences were observed among deciduous iris phenotypes while evergreen ones always stayed green (Table 3) . Fan-shaped leaf irises had the longest average green period (148.0 d) and the highest average leaf LT 50 (-0.6°C). By contrast, the average green period of bar-shaped leaf irises was the shortest (75.9 d); however, their average leaf LT 50 was similar to that of swordshaped leaf irises. Similarly, there were no significant differences between the leaf LT 50 of 'Black Swan' german iris and japanese water iris, and among long leafed flag, blood iris, and japanese iris, whereas substantial differences were seen in their green periods. The results from linear regression analysis showed that there were no significant (P = 0.205) relationships between green period during the entire green-down and green-up period and leaf LT 50 in iris (Table 4) . Because leaf LT 50 and cold tolerance are negatively correlated, we concluded that there was no association of green period in this study with foliar cold tolerance by artificial cold acclimation.
Discussion
In this study, we applied a DIA technique to get foliar color data for the first time in iris. This technique may minimize variations due to locations and years, and would increase the validity of comparing measured data across both when done by untrained workers (Behrens and Diepenbrock, 2006; Luscier et al., 2006; Thorp et al., 2007) . For a better result, we used the software MATLAB and HSB values based on human perception of color (Patrignani and Ochsner, 2015) . The leaves of irises sprout from newly developed rhizomes around the old central rhizome and easily form a cluster and cover ground well. Thus, it is possible to apply this method to measure the percentage of green leaves in iris.
The results of this study clearly demonstrated that iris species and cultivars have a significant impact on the percentage of green leaves during green-down and green-up, which was similar to a study on zoysiagrass in southern Europe (Pompeiano et al., 2014) . There are both evergreen and deciduous iris species/cultivars with fan-shaped, sword-shaped, or barshaped leaves. Thus, leaf shape had no obvious association with green period in iris. Leaf texture, such as leaf thickness, deposits of waxes, and the epidermis, might affect winter performance (Adams et al., 2004) . Analyzing the climate conditions, we found that both early freezing events during green-down and continuous low temperatures during green-up shortened the green period of irises. Bermudagrass and zoysiagrass both discolor and growth halt when the air temperature is lower than 10°C, and soil temperatures are lower than 16°C (Baltensperger, 1962) . However, compared with the deciduous iris type, the changes in air temperature had less of an effect on the percentage of green cover in the evergreen iris type.
The biggest difference between turfgrass and irises is that there are evergreen iris phenotypes which can retain green functional leaves throughout the year in the Yangtze Delta. The 2-year field observation data were in agreement with previous reports that japanese iris, small-flower iris, and louisiana iris could stay green during winter in this region (Zhang et al., 2013a; Zhou et al., 2010) , although differences in climate conditions partially affected their winter performances in both years. Louisiana irises demonstrated better winter color retention and are widely used for their evergreen trait in the Yangtze Delta (Yin and Cheng, 2010; Zhang, 2012) . We also found there were different levels of deciduousness in iris, for example, blood iris, japanese water iris, and long-leafed flag would go dormant and lose color around December, whereas roof iris, german iris and yellow flag totally lost functional leaves until January. For daylily (Hemerocallis sp.), another popular herbaceous perennial, evergreen, semievergreen, and deciduous cultivars are also available (Streich and Steinegger, 2003) . The abundant genetic variation in green period in herbaceous perennials should encourage additional study in this field.
It is important for new iris cultivar breeding to determine whether modifying winter color retention and spring recovery response may be achievable without a simultaneous loss in cold tolerance. The deciduous or evergreen iris phenotypes experienced different cold acclimation time in the field trial which might lead to differences in their cold tolerance (Walworth and Warner, 2009 ). Thus, we determined leaf LT 50 of 12 iris species and cultivars by artificial cold acclimation, similar to the method of Guo et al. (2006) during the vigorous growth period. It turned out that there was no linear regression relationship between green period and leaf LT 50 in the different iris species and cultivars. Deciduous iris species, such as yellow flag and blood iris, exhibited significantly lower leaf LT 50 s than that of japanese iris. Our results with irises are broadly consistent with the 
}) for the 12 iris species/cultivars during green-up or green-down. observations of Streich and Steinegger (2003) on daylilies, where cold tolerance was not related to the evergreen or deciduous type of daylily. Pompeiano et al. (2014) found that japanese lawn grass (Zoysia japonica) generally exhibited less winter injury and better freeze tolerance but lower color retention in the field. However, no relationship was found between winter injury and autumn growth in either year of the study for zoysiagrass species/cultivars. Brummer et al. (2000) provided genetic evidence for understanding the relationship between fall dormancy and winter survival in alfalfa (Medicago sativa) that may enable us to devise schemes to improve winterhardiness while simultaneously reducing dormancy in iris. Besides, color retention and recovery of plants are not only due to plant cold resistance but also the result of the physiological state of plants, air humidity, soil fertility, and especially, photoperiod and light intensity effects (Guo et al., 2006) . Several works on genes associated with green period cold tolerance should inspire further research in iris. Guo et al. (2012) reported that no significant correlation existed between LT 50 and the green period in 96 zoysiagrass accessions (r = 0.198, P = 0.054) and molecular markers associated with these two traits were completely different. It verified that the evergreen trait was controlled by a single recessive nuclear gene in hazelnut [Corylus avellana (Thompson et al., 1985) ] and 'Evergreen' peach [Prunus persica (Rodriguez-A et al., 1994) ], whereas inherited in a dominant manner in daylilies (Dow, 2012; Stout, 1940) .
Thus, crosses of evergreen iris type with different wild-type deciduous ones are needed to understand how the evergreen trait is inherited.
In our observations, green color enhancement is largely due to new growth during the late fall in iris. Evergreen iris species and cultivars such as japanese iris and louisiana irises grow in the winter during the intermittent periods when temperatures rise above freezing and liquid water is available. Winter dormancy may be the main impediment that limits the garden use of deciduous irises in the Yangtze Delta. The present study confirmed no significant association of green period with foliar cold tolerance, which indicated that concurrent selection for both strong winterhardiness and long green period should be possible in iris. The genetic Table 3 . Average predicted green period during the entire green-up and green-down period and average leaf lethal temperature (LT 50 ) of 12 iris species/cultivars by artificial cold acclimation in both years. Literature cited
